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Vaccine development aims to replace neonatal BCG with a vaccine more effective in preventing active TB disease (1).
Improved diagnostics would shorten the duration of infectiousness and increase the probability of case detection before death from TB disease (3). New drug regimens would shorten treatment and improve efficacy against resistant strains (2) . The question of interest is, if these new technologies being supported by a large financial investment become available as expected, what decrease in TB morbidity and mortality would they actually achieve? Although other groups have modeled potential effects of new technologies (7) (8) (9) (10) , none has specifically assessed and compared the benefits of the vaccines, drug regimens, and diagnostics under development. Here, we report on research using a mathematical model of TB transmission based on previous TB models (11) (12) (13) (14) to investigate potential epidemiological benefits of the novel interventions (Fig. 1) . We focus here on the WHO Southeast Asia region, which includes India but not China. In 2006, the region accounted for 35% of incident TB cases in the world and 32% of the TB-related deaths (5) . The region has generally successful TB intervention programs, with high (100%) DOTS coverage and high (87%) DOTS new smear-positive treatment success (5). Thus, operationally, the Southeast Asia region is well-positioned to introduce new technologies. Motivated by the somewhat modest results of some of the portfolio interventions, we also explored the potential benefits of technologies and strategies not yet in the BMGF portfolio, but that perhaps should be, specifically vaccines and drugs for latently infected people and mass vaccination.
Results
The fitted model generated a steady-state incidence rate of 1,755 new TB cases per million and 309 TB-related deaths per million per year in the Southeast Asia region. With no novel interventions, 101.7 million new TB cases and 17.9 million TB-related deaths are expected between 2015 and 2050. Table 1 presents the absolute number and percentage of cases and TB-related deaths prevented by the novel interventions and their combinations by 2050.
Novel Vaccination. Neonatal vaccination with the basic pre-exposure vaccine at vaccine efficacy for progression (VE P ) of 60% achieves a gradual 39% reduction in TB incidence at 2050 compared with 2015 ( Fig. 2 A and B) . The pre-exposure vaccine with additional effects achieves a 52% reduction. After Ϸ100 years, neonatal vaccination with the basic pre-exposure vaccine achieves a 55% reduction in incidence. In contrast, mass vaccination with the basic pre-exposure vaccine results in a much faster, nearly 80% decrease in incidence by 2050. Neonatal vaccination augmented by a 3-year mass catch-up program has a similar rapid drop in incidence, with the cumulative number of cases and deaths prevented by 2050 closer to that of sustained mass vaccination than to that of the neonatal strategy alone ( Table 1) .
Vaccination of latently infected people with a nonportfolio postexposure vaccine achieves a rapid initial reduction, but incidence plateaus at only a 37% reduction, near the incidence achieved by neonatal vaccination alone at 2050 (Fig. 2 A and B) . Combining vaccination of latently infected people using the postexposure vaccine and mass vaccination of uninfected people using the basic pre-exposure vaccine achieves a 92% reduction in TB incidence by 2050. In the sensitivity analysis of neonatal vaccination, TB incidence at 2050 decreases linearly, although not steeply, with increasing VE P (Fig. 3A) . For example, if VE P were just 40% instead of the targeted 60%, incidence would be reduced 28% rather than 39%. Even if VE P were 100%, at which every vaccinated person who becomes infected is a slow progressor, incidence at 2050 would be reduced just 58%.
Novel Diagnostics. The 3 diagnostic products achieve their maximum improvements in TB incidence and mortality fairly rapidly and plateau ( Fig. 2 C and D) . The light-emitting diode (LED) microscopy achieves a 13% reduction in incidence at 2050. The Dipstick for antigens or antibodies method reduces incidence by Ϸ42% at 2050 compared with 2015, with the nucleic acid amplification test (NAAT) in between with a 28% reduction. The reduction in incidence is caused by the indirect effect of shortening the duration of infectiousness. The mortality curves show a transient dip in mortality caused by a transient cohort effect in the diagnostic model that dissociates the duration of infectiousness from the case detection ratio. The time between disease onset and detection is shortened instantaneously by cutting the 2 middle infective stages. The people in these 2 compartments are moved into the recovered state, so transiently fewer people are available to die of TB. Within 5 years, the curves have returned to their expected behavior with the passage of the transient cohort from the dynamics. The increased case detection ratio under LED provides an enhanced decrease in mortality, so that NAAT and LED have a similar mortality at 2050, even though incidence at 2050 is considerably higher under LED compared with NAAT. In the sensitivity analysis (Fig. 3B) , TB incidence and mortality at 2050 decrease quasi-linearly with proportional reduction in duration of infectiousness in the range considered for the proposed diagnostic tools, but they then plateau with decreasing duration of infectiousness. Although incidence at 2050 is not greatly affected if the average rollout time of NAAT varies from 0 to 20 years, the cumulative number of cases averted substantially decreases (Fig. S2D in SI Appendix) .
Novel Treatment Regimens. The 4-month, 2-month, and 10-day active disease treatment regimens 1, 2, and 3 produce 10%, 23%, and 27% reductions, respectively, in TB incidence by 2050 compared with 2015 ( Fig. 2 E and F) . Once cases are found, treatment in the Southeast Asia region is already on average 84% successful, leaving little room for improvement with drug regimens alone (Fig.  3C ). In contrast, a drug that would enable mass latent preventive therapy would reduce incidence 82% by 2050. The combination of mass latent therapy and the 2-month active disease treatment regimen 2 reduces annual TB incidence in 2050 by nearly 94%.
Combinations. The number of TB cases prevented by 2050 by the individual portfolio technologies neonatal vaccination with the basic pre-exposure vaccine, a 2-month treatment regimen effective against drug-resistant strains, and NAAT are similar at 18.2, 19.2, and 24.4 million, respectively ( Table 1 ). The triple combination of the three prevents 55.3 million cases (Table 1 ) and lowers TB incidence by 71% (to 509.2 cases per million) ( (Table 1) and lowers incidence by 79% in 2050. As seen in Table 1 , all of the nonportfolio technologies and strategies, alone or in combination with portfolio interventions, with the exception of mass latent therapy, do better than any of the portfolio interventions or their combination.
Sensitivity and Uncertainty Analysis. Of the natural history parameters tested, the model is most sensitive to a change in the proportion of new latent infections who are fast progressors ( Fig. S1 in SI Appendix). For example, a Ϯ15% change in the proportion of new latent infections who are fast progressors results in a range of TB incidence of 1,032 (Ϫ41%) to 2,532 (ϩ45%) (Fig. S1 A in SI Appendix). The sensitivity is easy to understand, because decreasing the proportion of fast progressors is equivalent to vaccination with the basic pre-exposure vaccine. In the novel interventions ( Fig. S2 A-C in SI Appendix), Ϯ15% variation of the reduction of fast progressors, duration of protection, and treatment success proportion all produced Ͻ8% deviation in the results.
Other WHO Regions. In the WHO Western Pacific, Eastern European, Eastern Mediterranean, and Latin American regions where HIV incidence is low, the novel interventions produced qualitatively similar results as in the Southeast Asia region (Table S3 in SI Appendix), with similar relative reduction in cases and deaths. An exception is that the novel treatments regimens prevented 1.5 times the percentage of cases and deaths in the Eastern European region and only approximately half the percentage of cases and deaths in the Western Pacific region as in the Southeast Asia region. The reason is that the current success proportion in the Eastern European region is just 72%, and in the Western Pacific region 92%, so that there is, respectively, more and less room for improvement over the current success proportion of 84% in the Southeast Asia region. The absolute number of cases and deaths prevented is smaller than in the Southeast Asia region because the baseline number of cumulative cases and deaths is smaller.
Discussion
Our results demonstrate that the novel vaccines, drug regimens, and diagnostics currently under development each offer substantial reductions in TB incidence and TB-related mortality, and more so as a triple combination, compared with current approaches. The achieved incidence would not be Ͻ1 case per million population, the goal of Stop TB Partnership, but it would be at more manageable rates. Augmenting neonatal vaccination by a short-term mass vaccination catch-up campaign, not in the current portfolio of delivery strategies, would accelerate the drop in incidence, preventing more deaths and cases. New technologies targeted at the vast reservoir of latently infected people would be of great benefit, particularly if combined with one or more of the novel technologies in the current pipeline. The 2 combinations, a 2-month treatment regimen combined with mass latent therapy and mass vaccination with pre-exposure vaccine combined with postexposure vaccine administered to latently infected people (15) , provide similarly powerful reductions in TB mortality, preventing 73% and 75% of deaths, respectively. Our approach differs from previous models in being based on the actual targeted or expected efficacies of the technologies under development. Remarkably, in none of our discussions about novel interventions did anyone suggest an approach, either currently under development or in the future, including vaccination, that would directly protect uninfected people against infection. To represent the input of the developers, vaccination in our model alters the postinfection natural history. Thus, our results cannot be compared with others (12, 16, 18 ) that assumed pre-exposure vaccine would protect against infection. In contrast to others (7, 16) , novel diagnostics in our model can shorten the duration of infectiousness of both smear-positive and smear-negative cases, independently of the increase of the proportion of cases detected and cured.
In our model, latent therapy cures people in the latent state, but latent vaccination only reduces the lifetime risk of developing active disease. Under these assumptions, mass preventive therapy prevents twice as many TB cases and deaths by 2050 as postexposure vaccination of latently infected people (Table 1) . Our results differ from other models (12, 16 ) that assume that both latent treatment and latent vaccination cure people. If a therapeutic vaccine that cured latently infected people were developed, it would have a similar effect as the preventive therapy modeled here.
Further exploration of the benefits of novel interventions in regions where HIV plays an important role in TB epidemiology is future research. The effect of HIV prevalence on the benefits of novel TB therapies that shorten treatment duration and improve cure rates was studied in detail by Sanchez et al. (9) using a model of Kenyan epidemiology specifically designed for that purpose. They found that at 3-20% HIV prevalence shortening treatment duration to 2 months achieved a 6-20% decrease in incidence and mortality in 25 years. The benefits vary substantially depending on the assumed HIV infection prevalence. To study the effects of novel vaccines and diagnostics on HIV-infected individuals will require further assumptions about their efficacy and models designed for that purpose. Preventive therapy of latent TB infection with cur- rently available drugs in HIV-infected people may become routine. Trials are underway to assess the efficacy of preventive treatment for latent TB in HIV-infected people (18) . The results of that and other similar trials could inform future modeling work. Even without taking HIV into account, in the sub-Saharan region with high HIV incidence, and to a lesser extent, in the sub-Saharan region with low HIV incidence, caused by the higher TB incidence and prevalence, in our model, mass vaccination with a pre-exposure vaccine prevents relatively fewer cases and deaths than in the other regions (Table S3 in SI Appendix). We focused on the epidemiological outcomes of potential improvements in TB interventions. Further benefits would likely result from shorter treatment regimens, for both the patients being treated and the health care infrastructure. Shorter DOTS treatments, or eventually single contact treatments, could remove much of the stigma associated with TB treatment. People with active TB might seek health care earlier, enhancing the effects of improved diagnostics and treatments.
One limitation of the research is the quality of the data for establishing parameter values. Better and more complete data collection is crucial to improving modeling efforts. Regional transmission models average over local and country-level differences in epidemiology. All of the results presented here are in one sense optimistic, assuming nearly complete coverage of the target populations once novel technologies are introduced. Regardless of these limitations, the overall conclusions of the broad picture are not changed in the sensitivity analysis. Our goal was to gain general insight into the relative benefits of the novel vaccines, drug regimens, and diagnostics currently in the pipeline, and some not in the pipeline, not to predict the precise number of cases or deaths prevented.
Combinations of the new technologies currently under development could have an enormous benefit. However, there is a big difference between what is in the current portfolio and what could be achieved by going beyond it. To achieve further improvements, technologies and delivery strategies not currently under development should be considered. The findings could alter the practice of tuberculosis control, particularly if mass vaccination catch-up campaigns were added to the current practice of vaccinating neonates within the Expanded Program on Immunization. In this case, clinical trials for different target age groups need to be prepared. Vaccines and drug regimens targeting the vast reservoir of latently infected people would be potentially important investments. This study expands the universe of interventions to be seriously considered for support and development.
Methods
Natural History of Tuberculosis. We developed an age-structured mathematical model similar to previous TB models (11) (12) (13) (14) described by a series of differential equations (Fig. 1 , SI Appendix, and SI Technical Appendix). Once infected, individuals enter 1 of 2 latent states. Infected people in the latent slow state have an Ϸ5% lifetime risk of developing active disease (slow progressors) (16, 19 -26) . Individuals in the latent fast state develop active TB disease with a mean of 7.3 months (fast progressors) (16, 19 -26) . TB cases arise as primary disease from the newly infected fast progressors, as endogenous reactivation of the slow progressors, or by exogenous reinfection of slow progressors so that they become fast progressors.
Active cases of TB are infectious pulmonary sputum smear-positive, infectious pulmonary sputum smear-negative (0.25 as infectious) (27) , or noninfectious nonpulmonary, with age-dependent rates of developing each of the 3 types. Active TB cases can recover either naturally or by being treated once detected or die. People with untreated TB have a higher death rate than the general population, the death rate from smear-positive pulmonary disease being higher than from the other 2 forms. Successfully treated cases are noninfectious once they begin treatment. Recovered cases can be reinfected. The case detection rate (actually a ratio) is defined as the proportion of cases detected before they die or recover spontaneously. The Southeast Asia region has a low 1.2% HIV prevalence in adult incident TB cases (5) . HIV prevalence levels in India in particular have been found to be half those estimated earlier (28) . Thus, we did not include HIV in the model.
Novel Portfolio Interventions.
Discussions with FIND, Aeras, and the TB Alliance about the expected efficacies and improvements over current approaches provided the base case scenarios for our models of the novel portfolio interventions. We analyzed the sensitivity of the results to these values.
Vaccines. The novel vaccination concept under development by Aeras is based on a prime-boost strategy, the prime likely being a recombinant BCG, the boost likely being a vector carrying TB antigens (1). The goal is to replace neonatal BCG vaccination with the new vaccine combination, providing an additional boost in adolescence to prolong duration of efficacy. The target efficacy of the portfolio vaccine combination is to decrease by 60% the proportion of infected people becoming fast progressors, VE P (29) . The vaccine is expected to confer no direct protection against infection and be effective only if administered before a person becomes infected. We call this the pre-exposure vaccine. In the base case model, the basic pre-exposure vaccine has a VE P of 60%, lasting, as expected with adolescent boost, on average 33 years. In the natural history model, 5% of infected children (Ͻ15 years), and 15% of infected adults become fast progressors (23, 24, 30 -37) . At a VE P of 60%, vaccinated children have a 2% and vaccinated adults a 6% probability of becoming fast progressors rather than slow progres- sors if they become infected. In a sensitivity analysis, we varied the value of VEP from 0 to 100%. We also modeled a pre-exposure vaccine with additional effects that reduce the lifetime risk of developing disease in slow progressors by half to Ϸ2.5% and the infectiousness of the smear-positive and smear-negative cases, called the vaccine efficacy for infectiousness, VE I (29) , by half.
Diagnostics. Practical considerations of introducing novel diagnostics, including the point of health care and sensitivity (3), were condensed to 2 key points relevant for the transmission model. Better diagnostics might (i) reduce the time during which a person is infectious for others by decreasing the time from onset of disease to diagnosis and treatment, and (ii) increase the case detection rate. FIND is developing 3 main diagnostic tools (3). The LED fluorescence microscopy is a simple technology that essentially changes the light bulb in current microscopes. NAAT technologies include loop-mediated isothermal amplification (also known as Eiken NAAT), and Cepheid, which incorporates an integrated platform for specimen processing, real-time PCR, and probing for rifampin resistance. These diagnostics would be administered at the level of the microscopy laboratory. Dipstick would be administered at the level of the health post and would provide results immediately. LED-fluorescence microscopy is expected to produce a 10% (8 -12%) improvement in the case detection rate and, relative to an average duration between onset of illness and diagnosis of 24 months, achieve a 1-month reduction (4%) in average duration of smear-positive cases relative to Ziehl Neelsen microscopy. Because of the absence of definitive evidence, this tool is assumed to have no increased sensitivity to both smear-negative and nonpulmonary forms of TB. NAAT is expected to reduce a 24-month duration from onset of disease to detection by 3 months (12.5%) to 21 months for all 3 types of active TB cases. The Dipstick is expected to reduce a 24-month duration to detection by 4 months (16.5%) to 20 months for all 3 types of TB cases. A similar relative shortening is expected for other baseline durations between onset of illness and detection. In the Southeast Asia region, the relative shortenings for the novel diagnostics were computed based on 15.4 months of average duration from onset of disease to detection in smear-positive cases and 23.0 months in smear-negative cases (15) . In a sensitivity analysis, we varied the proportionate reduction in average duration of infectiousness from 0 to 1.0.
In the models of novel diagnostics, to dissociate duration of infectiousness from the case detection ratio, untreated disease occurs in 4 stages. The 3 rates in the case detection rate apply only to the last stage, but all 4 stages are infectious (SI Technical Appendix). The duration of infectiousness is decreased by cutting the 2 middle stages, which are designed to correspond to the expected shortening of time from disease onset to detection of each novel diagnostic tool without changing the case detection rate.
Treatment Regimens. Two goals of novel treatment regimens for active TB disease are to shorten treatment duration and improve efficacy against resistant strains. TB Alliance is developing 3 main approaches to active disease treatment regimens (2, 38, 39) . The first is expected to shorten treatment duration from the current 6 months to 4, with little effect on drug-resistant strains. The second, a possible triple combination of therapies, would shorten duration to 2 months, with expected 90% efficacy against extensively and multidrug-resistant strains. A third regimen, requiring considerably more basic research, would shorten treatment to 10 days, similar to other antibiotic courses, and be 90% effective against extensively and multidrug-resistant strains. The first two would replace current regimens in DOTS. The third could be a single contact treatment for which DOTS would no longer be necessary. The corresponding models are called active disease treatment regimens 1, 2, and 3.
The shorter drug treatments and efficacy against extensively and multidrugresistant strains are modeled by increasing the treatment success proportion, that is, those who are cured and completed treatment. Increased success proportion caused by shorter treatment is modeled by the relative reduction in the duration of the novel drug regimen compared with the current 6 months multiplied by the proportions of failure caused by the WHO categories default, transfer, death during treatment, or loss to follow-up (40) (Table S2 in SI Appendix). The increased success proportion against drug-resistant TB disease is modeled by reducing the proportions in the 2 WHO categories of treatment failure and death during treatment by the assumed efficacy against drug-resistant strains. After starting current treatment, people are quickly no longer infectious (41), so new drug regimens are not expected to shorten materially the infectious period compared with current therapy. In the Southeast Asia region, the average success proportion was 84% (40) . The models of active treatment regimens 1, 2, and 3 achieve success proportions of 89%, 96%, and 99%, respectively. In a sensitivity analysis, we varied the success proportion up to 100%.
Nonportfolio Novel Interventions.
Based on initial results, we considered further novel interventions and strategies not yet in the portfolio but that perhaps should be. Once available, an effective pre-exposure vaccine would likely be administered widely, not just to neonates. We considered a mass vaccination strategy with the pre-exposure vaccine. We also considered neonatal vaccination augmented by a 3-year mass vaccination catch-up program. We then modeled vaccines and drug regimens targeted at the vast reservoir of latently infected slow progressors. The modeled postexposure vaccine reduces by half the lifetime risk of latently infected slow progressors developing disease. The modeled novel drug regimen cures latently infected slow progressors.
Sources of Data and Model
Fitting. Key indicators and variables for the natural history parameters of the model were obtained from a review of published research (42) and discussions with TB researchers (Table S1 in SI Appendix). In the few instances when no information was available, assumptions were made. Using the Downhill Simplex method (43) , both the contact rate and the case detection rate were permitted to vary while fitting the model to the annual incidence rates of pulmonary smear-positive disease and TB-related mortality reported by the WHO for 2006 (5) (Table S2 in SI Appendix). The case detection rate was permitted to vary because of suspected underreporting of treatment among cases. The fitted incidence was assumed to capture the current BCG vaccination, treatment, and diagnostics. Novel intervention effects were included as improvements on the current status. We focus here on the Southeast Asia region. Results for other WHO regions are in Table S3 in SI Appendix.
To model the most optimistic scenario, interventions were assumed introduced in 2015 with immediate adoption everywhere and 100% coverage of the target population. For technical reasons, diagnostics are introduced with a rollout time of 1.5 years (see SI Technical Appendix). Results are presented as totals of all 3 forms of active TB cases and TB-related deaths, although the model generates the 3 separate disease forms.
Uncertainty and Sensitivity Analyses. In sensitivity analyses, we varied the VEP and the shortening of the infectious period from 0 to 100% and the treatment success proportion from the current 84% to 100%. In further univariate sensitivity analyses, we investigated how TB incidence in 2050 varied with changes in the natural history parameters and novel intervention parameters by varying each parameter uniformly over the range of Ϯ15% of the original parameter value.
